Aging is associated with cognitive impairment, but the underlying mechanisms remain unclear. We have recently reported that the ability of rats to learn a Y-maze conditional discrimination task depends on the function of the glutamate-nitric oxide-cGMP pathway in brain. The aims of the present work were to assess whether the ability of rats to learn this task decreases with age and whether this reduction is associated with a decreased function of the glutamate-nitric oxide-cGMP pathway in brain in vivo, as analyzed by microdialysis in freely moving rats. We show that 7-mo-old rats need significantly more (192 ± 64%) trials than do 3-mo-old rats to learn the Y-maze task. Moreover, the function of the glutamate-nitric oxide-cGMP pathway is reduced by 60 ± 23% in 7-mo-old rats compared with 3-mo-old rats. The results reported support the idea that the reduction in the ability to learn the Y-maze task (and likely other types of learning) of mature compared with young rats would be a consequence of reduced function of the glutamate-nitric oxide-cGMP pathway.
Aging is associated with cognitive impairment, but the underlying mechanisms remain unclear. The molecular bases for different types of learning are not well known. NMDA receptors play a crucial role in some types of learning. Activation of NMDA receptors leads to increased calcium in the post-synaptic neuron. Calcium binds to calmodulin and activates neuronal nitric oxide synthase (nNOS) in those neurons, which express both the NMDA receptors and this enzyme, increasing nitric oxide (NO) . NO, in turn, activates soluble guanylate cyclase, increasing cGMP. Part of this cGMP is released to the extracellular fluid through cGMP transporters present in the cell membrane (Sager 2004) .
Several reports indicate that activation of this glutamate-NO-cGMP pathway is involved in some forms of learning (Danysz et al. 1995; Chen et al. 1997; Meyer et al. 1998) . NO seems to mediate at least part of the role of NMDA receptors in learning. This is supported by studies showing that inhibition of NO synthase reduces learning of some spatial tasks (Ingram et al. 1998a,b; Zou et al. 1998) The role of NO in learning may be mediated by its activation of soluble guanylate cyclase and the increase in cGMP. Some reports indicate that soluble guanylate cyclase and cGMP are important in learning and memory. Bernabeu et al. (1996 Bernabeu et al. ( , 1997 showed that, in rats, passive avoidance learning was associated with a time-dependent, learning-specific increase in cGMP (Bernabeu et al. 1996) and in cGMP-dependent protein kinase activity in hippocampus (Bernabeu et al. 1997) The same group also showed that administration of a membrane permeable analog of cGMP facilitated memory consolidation (Bernabeu et al. 1996) , while bilateral intrahippocampal administration of an inhibitor of soluble guanylate cyclase caused full amnesia for inhibitory avoidance learning when given immediately after training (Bernabeu et al. 1997) . These data indicate that the increase in cGMP produced by guanylate cyclase in response to NO has a crucial role in some types of learning.
We have recently shown that both the function of the glutamate-NO-cGMP pathway in cerebellum (Monfort et al. 2001) and the ability of rats to learn a Y-maze conditional discrimination task are reduced in rats with chronic liver failure or hyperammonemia and that learning ability may be restored by pharmacological manipulation of cGMP levels in brain (see Discussion) .
The above studies suggest that the function of the glutamate-NO-cGMP pathway in brain and the concomitant increase in cGMP modulate the ability of rats to learn a Y-maze conditional discrimination task and likely other types of learning. If this is the case, impairment in the function of the glutamate-NO-cGMP pathway could contribute to the decline in cognitive function associated to aging.
The aims of the present work were to assess whether the ability of rats to learn this Y-maze task decreases with age and whether this reduction is associated with a parallel impairment in the function of the glutamate-NO-cGMP pathway in brain in vivo, as analyzed by microdialysis in freely moving rats.
Results
We first tested whether the ability of rats to learn the Y-maze task is different in mature (7-mo-old) rats than in young (3-mo-old) rats. As shown in Figure 1 , learning ability was significantly (P < 0.001) lower in 7-mo-old male rats than in 3-mo-old male rats. At 3 mo of age, male rats need 52 ‫ע‬ 3 trials to learn the task, while at 7 mo of age, they need 97 ‫ע‬ 10 trials.
Similar results were obtained with female rats (Fig. 1) . At 3 mo of age, female rats need 58 ‫ע‬ 8 trials to learn the task, while at 7 mo of age, they need 115 ‫ע‬ 18 trials.
As the results for males or females are not different, we also present in Figure 1 the pooled data from males and females. At 3 mo of age, the rats (males and females) need 54 ‫ע‬ 3 trials to learn the task, while at 7 mo of age they need 104 ‫ע‬ 9 trials. These data indicate that 7-mo-old rats need 92% more trials than do 3-moold rats to learn the task.
In all cases, learning ability was significantly lower at 7 mo of age than at 3 mo of age. Two-way ANOVA analysis showed no significant differences between sexes but a very significant (P < 0.001) effect of age.
We then tested whether the function of the glutamate-NOcGMP pathway in brain in vivo is also different in mature rats than in young rats. Administration of NMDA through the microdialysis probe activates the glutamate-NO-cGMP pathway and increases the formation of cGMP and its release to the extracellular fluid. As shown in Figure 2A , in 3-mo-old male rats the addition of NMDA increased significantly (P < 0.001) extracellular cGMP to 882 ‫ע‬ 120% of basal. However, in 7-mo-old male rats, the increase was significantly (P < 0.05) lower, reaching only 397 ‫ע‬ 180% of basal ( Fig. 2A) .
Similar results were obtained for female rats. In 3-mo-old female rats, the addition of NMDA increased significantly (P < 0.001) extracellular cGMP to 864 ‫ע‬ 70% of basal. However, in 7-mo-old female rats, the increase was significantly (P < 0.01) lower, reaching only 272 ‫ע‬ 152% of basal (Fig. 2B) .
As the results for males or females are similar, we also present in Figure 2C the pooled data from males and females. In 3-mo-old rats, the addition of NMDA increased significantly (P < 0.001) extracellular cGMP to 871 ‫ע‬ 62% of basal. However, in 7-mo-old rats, the increase was significantly (P < 0.001) lower, reaching only 343 ‫ע‬ 198% of basal (Fig. 2C) .
These data indicate that the function of the pathway is reduced by 60 ‫ע‬ 23% in 7-mo-old rats compared with 3-mo-old rats.
The basal levels of extracellular cGMP were also significantly reduced in 7-mo-old rats compared with 3-mo-old rats. As shown in Figure 3 , in males extracellular cGMP was 498 ‫ע‬ 59 pM at 3 mo and was significantly (P < 0.001) reduced (by 69%) to 154 ‫ע‬ 35 pM at 7 mo of age. Similar results were obtained for females. Extracellular cGMP was 513 ‫ע‬ 103 pM at 3 mo and was significantly (P < 0.01) reduced (by 65%) to 181 ‫ע‬ 29 pM at 7 mo of age. As the results for males or females are similar, we also present in Figure 3 the pooled data from males and females. Extracellular cGMP was 505 ‫ע‬ 197 pM at 3 mo and was significantly (P < 0.01) reduced (by 67%) to 166 ‫ע‬ 91 pM at 7 mo of age. Two-way ANOVA analysis showed no significant differences between sexes but a very significant (P < 0.001) effect of age.
We also analyzed whether the amount of NMDA receptors is different in the cerebellum of mature and young rats by quantifying by immunoblotting the content of the essential subunit NR1. As shown in Figure 4 , the amount of the NR1 subunit in males at 7 mo was only 54 ‫ע‬ 6% of the content at 3 mo of age (P = 0.01). In females the amount of NR1 was also lower (80 ‫ע‬ 15%) at 7 mo than at 3 mo, but the difference did not reach statistical significance. When the data of males and females were pooled, the amount of NR1 at 7 mo was significantly (P = 0.03) lower (70 ‫ע‬ 10%) than was the content at 3 mo (Fig. 4) .
Figure 2.
The function of the glutamate-NO-cGMP pathway in rat cerebellum in vivo is reduced in mature rats compared with young rats. The function of the Glu-NO-cGMP pathway was assessed by in vivo brain microdialysis. NMDA 0.3 mM was infused at the times indicated, and extracellular cGMP was determined. Data are presented as percentage of basal values. Values are the mean ‫ע‬ SEM from seven rats per group: (A) male rats, (B) female rats, and (C) pooled data of males and females. Values that are significantly different from young (3-mo-old) rats are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001 (Student's ttest). The ability to learn the Y-maze conditional discrimination task is lower in mature rats than in young rats; 3-mo-old and 7-mo-old male and female rats were subjected to the conditional discrimination learning test in the Y-maze as described in Materials and Methods. Values are the mean ‫ע‬ SEM from seven rats per group and are given as the number of trials needed to learn. Data of different sex and age were analyzed using two-way ANOVA. There were no significant differences between sexes, but the effect of age is significant (P < 0.001). Values that are significantly different from young (3-mo-old) rats are indicated by asterisks: ***P < 0.001 (two-way ANOVA). Pooled data were analyzed using Student's t-test to compare performance of young and mature rats. Significant difference from young (3-mo-old) rats is indicated by asterisks: ***P < 0.001. 
Discussion
The results reported show that in mature rats the function of the glutamate-NO-cGMP pathway in brain in vivo in freely moving rats and the ability of the rats to learn a Y-maze conditional discrimination task are reduced compared with young rats. Although parallel changes do not prove a cause-effect relationship, taking into account previous studies (see below), we believe that the decrease in the ability to learn this task in older rats is a consequence of the reduction in the function of the pathway. This is further supported by the fact that there is a significant (P = 0.0013, r = ‫)967.0מ‬ correlation between the function of the glutamate-NO-cGMP pathway and the number of trials required by the rats to learn the Y-maze task (Fig. 5) . A higher number of trials means a lower learning ability. This means that there is a direct correlation between the function of the pathway and learning ability: A higher function of the pathway is associated with higher learning ability.
We also show that the basal concentration of cGMP is also reduced in the extracellular fluid in the cerebellum of mature rats compared with young rats. Moreover, the decreases in basal extracellular cGMP and in the function of the glutamate-NOcGMP pathway are in the same order (60%-70%). This suggests that extracellular cGMP would depend on or reflect, at least in the cerebellum, the function of the pathway.
The function of the glutamate-NO-cGMP pathway is reduced in the cerebellum of rats with chronic hyperammonemia without liver failure (Hermenegildo et al. 1998 ). These rats show reduced ability to learn a conditional discrimination task in a Y-maze (Aguilar et al. 2000) . The ability of these rats to learn the Y-maze task may be restored by increasing extracellular cGMP in brain by intracerebral administration of zaprinast, an inhibitor of the phosphodiesterase that degrades cGMP (Erceg et al. 2005a) or by oral administration of sildenafil, another inhibitor of the phosphodiesterase (Erceg et al. 2005b) .
The function of the glutamate-NO-cGMP pathway is also reduced in the cerebellum of rats with chronic liver failure induced by porta-caval anastomosis (Monfort et al. 2001) . These rats also show reduced ability to learn a conditional discrimination task in the Y-maze, which may be also restored by increasing extracellular cGMP in the cerebellum by oral administration of sildenafil (Erceg et al. 2005b) .
These studies strongly support the idea that the ability to learn the Y-maze conditional discrimination task depends on the function of the glutamate-NO-cGMP pathway in the brain. The reduction in the function of the pathway in mature compared with young rats would be therefore responsible for the decrease in the ability to learn this task in 7-mo-old rats compared with 3-mo-old rats.
The glutamate-NO-cGMP pathway shows similar patterns of activation in the hippocampus, striatum, and cerebellum (Fedele and Raiteri 1999; Pepicelli et al. 2004) . Also, in an acute paradigm, ammonia activates the pathway similarly in the cerebellum and striatum (Hermenegildo et al. 2000; Hilgier et al. 2003) . This study was performed in the cerebellum because the expression of the pathway is high in this area, allowing more accurate quantitative determinations, which are more difficult to obtain in the hippocampus (considered the main memory structure of the brain) because it has lower basal levels of extracellular cGMP. The changes in the function of the pathway and in extracellular cGMP in the cerebellum may be considered a marker of the effects of age in other brain areas, including the hippocampus and striatum. Moreover, it should be noted that recent studies show that the cerebellum also plays a role in spatial learning that is not the result of motor components but of cognitive components of spatial learning (Martin et al. 2003) . A direct contribution of the glutamate-NO-cGMP pathway in the cerebellum to modulation of learning therefore cannot be excluded.
The mechanisms by which the function of the glutamate-NO-cGMP pathway is lower in mature rats than in young rats are Figure 4 . The amount of NMDA receptors in cerebellum is lower in mature male rats than in young male rats. Thirty micrograms of protein from homogenates of the cerebellum from 3-mo-old or 7-mo-old rats was subjected to SDS-polyacrylamide gel electrophoresis using an 8% acrylamide gel. The NR1 subunit was visualized by immunoblotting as indicated in Materials and Methods. Typical immunoblotting is shown for males (B) and females (C). The intensities of the bands were quantified and are shown in A. Values are the mean ‫ע‬ SEM of five rats per group and are expressed as percentage of NR1 amount in 3-mo-old rats. Data of different sex and age were analyzed using two-way ANOVA. There were no significant differences between sexes, but the effect of age is significant (P < 0.05). Values that are significantly different from young (3-mo-old) rats are indicated by asterisks: *P < 0.05 (two-way ANOVA). Pooled data were analyzed using Student's t-test. Significant difference from young (3-mo-old) rats is indicated by asterisks: *P < 0.05. Fig. 2 ). Values are mean ‫ע‬ SEM from seven rats per group. Data of different sex and age were analyzed using two-way ANOVA. There were no significant differences between sexes, but the effect of age is significant (P < 0.001). Values that are significantly different from young (3-mo-old) rats are indicated by asterisks: **P < 0.01, ***P < 0.001 (two-way ANOVA). Pooled data were analyzed using Student's t-test. Significant difference from young (3-mo-old) rats is indicated by asterisks: ***P < 0.001. not completely clear by now. It is likely that a main contributor to this reduction would be a decrease in the amount of NMDA receptors. We show here that the amount of NMDA receptors is strongly reduced in males at 7 mo of age compared with 3 mo of age. This may explain, or at least would contribute to, the reduced function of the glutamate-NO-cGMP pathway.
However, the amount of NMDA receptors is only slightly, and not significantly, reduced in females at 7 mo of age compared with 3 mo of age, while the function of the pathway and learning is also impaired in females at 7 mo. This suggests that, in addition to the reduction in the amount of NMDA receptors, impairment of its function or in some other step of the pathway would also contribute to its reduced function and to the associated decrease in learning ability. Other steps that could be altered with age are activation of guanylate cyclase by NO or the function of cGMP transporters. Also changes in the spatial localization of the proteins of the pathway (calmodulin, nNOS, guanylate cyclase) could influence the efficiency of the function of the pathway. As far as we know, there are no reports indicating that these steps could change with age.
A reduction with age in the amount of NMDA receptors has been consistently found in most brain areas (hippocampus, striatum, frontal cortex, hypothalamus, etc.) in different studies. Similar results have been reported when the amount of NMDA receptors is determined by measuring binding of ligands or by immunoblotting (Magnusson and Cotman 1993; Castorina et al. 1994; Scheuer et al. 1995; Vernet et al. 1998; Mothet et al. 2006) . A decrease in the amount of NMDA receptors would result in a reduced function of the associated signal transduction pathways, including the glutamate-NO-cGMP pathway.
Another main player in this pathway is nNOS. Total NO synthase activity increases with age in brain, but this has been attributed to an increase in the content of the inducible form of NOS (iNOS) (Siles et al. 2002; Liu et al. 2004) . It seems that maturation or aging does not affect significantly the nNOS. Yu et al. (2000) reported that the amount of mRNA and of protein for nNOS is significantly reduced in cerebellum of 6-mo-old rats compared with 2-mo-old rats. However, the activity of nNOS was not different. Vernet et al. (1998) found no effect of aging on nNOS content in hypothalamus.
These studies and the data reported here support, therefore, that the reduced function of the glutamate-NO-cGMP pathway in 7-mo-olds compared with 3-mo-olds would be due, at least in part, to the reduced amount of NMDA receptors. In addition, impairment of its function or in some other step of the pathway would also contribute to the reduced function of the pathway which, in turn, would contribute to the age-associated decrease in learning ability.
Materials and Methods

Rats
Learning tests and microdialysis studies were performed in 3-moold and 7-mo-old Wistar rats. Both male and female rats were used and the results were analyzed separately to assess whether there is some gender-associated difference. All animal procedures were approved by the Institute and met the guidelines of the European Union for care and management of experimental animals.
Y-maze learning test
Learning ability was tested, as described by Murray and Ridley (1997) , in a wooden Y-maze, which had three arms of equal size (60 cm long, 11.5 cm wide, and 25 cm high). The arm where the rats were placed at the beginning of each trial was considered the start arm. The other arms, each of which had a food cup located at the end, were considered the choice arms. Pre-training was carried out during 4 d with all rats to familiarize them with the maze. The whole area of the choice arms of the maze was covered by black or white inserts (59 cm long, 11 cm wide, and 25 cm high). In each trial, rats were rewarded for choosing the left arm when the inserts were black and the right arm when the inserts were white. The reward for the correct response consisted of four food pellets placed in the food cup at the end of the correct arm. If the rat made an incorrect response, it was allowed to go to the empty food cup at the end of the incorrect arm and was removed after 5 sec. Rats were trained for 10 trials per day, with an intertrial interval of ∼5 min in their home cage, until the completion of a criterion of 10 correct responses in 10 consecutive trials or until a maximum of 250 trials.
Analysis of the function of the glutamate-NO-cGMP pathway in brain in vivo by microdialysis in freely moving rats Rats were generally anesthetized by careful intraperitoneal injection of 40 mg/kg sodium pentobarbital (Euta Lender). The animal's head was placed in a stereotaxic frame (David Kopf Instruments), and a microdialysis guide (CMA/12 guide cannula, CMA/ Microdialysis AB) was implanted in the cerebellum. Briefly, a medial incision was made over the skull, and a burr hole (Ø = 1 mm) was drilled to allow vertical access to the cerebellum. The coordinates were 10.2 mm posterior to and 1.2 mm to the right of the bregma, and 1 mm below the duramater surface, according to the method of Pellegrino et al. (1979) and the corrections of Whishaw et al. (1977) for rats >320 g. The guide was secured to the skull with miniature screws and dental cement, and the skin was sutured. Animals were allowed to recover for 24-48 h in their cages with free access to pellet food and water.
The day of the experiment, the animals were placed in the microdialysis bowl of the BAS system for freely moving animals (BAS BeeKeeper, Bioanalytical Systems), and a microdialysis probe (CMA/12; 3 mm long, 500 µm O.D.) was implanted carefully in the freely moving animal. The probes were continually perfused with artificial cerebrospinal fluid (aCSF) at a flow rate of 3 µL/min using a BAS Baby Bee microperfusion pump. The composition of aCSF was: NaCl 145 mM, KCl 3.0 mM, CaCl 2 2.26 mM, buffered at pH 7.4 with 2 mM phosphate buffer (as described by Fedele et al. 1996 ), but we replaced MgCl 2 with CaCl 2 to avoid the blocking effect of Mg 2+ on NMDA receptor, and filtered through 0.45-µm pore-size Millipore filters. The probes were dialyzed continuously for 2-3 h, because preliminary studies demonstrated extracellular cGMP was stabilized within this interval. After the stabilization period, consecutive samples were collected every 20 min with a fraction collector, covered, and Figure 5 . There is a good correlation between NMDA-induced increase in extracellular cGMP and the ability to learn the Y-maze task. Individual data for 7-mo-old males and females are plotted. The function of the glutamate-NO-cGMP pathway is expressed as the increase in cGMP induced by administration of NMDA, i.e., the increase in cGMP in fractions 7-9 of Figure 2 . There is a negative and significant (r = ‫;967.0מ‬ P = 0.0013) correlation between the function of the pathway and the number of trials required to learn the task. A higher number of trials means a lower learning ability. This means that there is a direct correlation between the function of the pathway and learning ability: A higher function of the pathway correlates with higher learning ability.
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by learnmem.cshlp.org Downloaded from stored at -20°C until the analysis of cyclic GMP. We have previously shown (Hermenegildo et al. 1998 ) that the increase in extracellular cGMP induced by NMDA is linear between 0.1 and 0.5 mM. So that, to activate the glutamate-NO-cGMP pathway, we added 0.3 mM NMDA at the times indicated in the legend to Figure 2 . cGMP was determined using the BIOTRAK cGMP enzyme immunoassay kit from Amersham.
Determination of the amount of NMDA receptors by immunoblotting
Rats were sacrificed at 3 or 7 mo of age: The cerebellum was dissected out and immediately freeze-clamped in liquid nitrogen and then stored at -80°C. Whole cerebella were homogenized in 5 volumes of a buffer containing Tris-HCl 50 mM (pH 7.5); NaCl 50 mM, EGTA 10 mM, EDTA 5 mM, pNPP 4 mM, sodium pyrophosphate 2 mM, sodium orthovanadate 1 mM, NaF 1 mM, leupeptin 20 µg/mL, aprotinin 20 µg/mL, and PMSF 1 mM and sonicated. Protein concentration was determined by the bicinchonic acid method (Pierce). Samples were subjected to SDSpolyacrylamide gel electrophoresis and immunoblotting using monoclonal antibodies against the NR1 subunit of the NMDA receptor (Pharmingen, BD Biosciences) Secondary antibodies conjugated with alkaline phosphatase were from Sigma. After development, images were captured with a Hewlett Packard Scanjet 5300C. The intensities of the bands were measured using the program AlphaImager 2200 (AlphaEase FC Software 3.1.2 from Alpha Innotech corporation).
Statistical analysis
Learning test and cGMP levels data were analyzed using two-way ANOVA followed by Bonferroni post-hoc with age and sex as variables. In the case of pooled data, unpaired Student's t-tests were used. P values <0.05 were considered statistically significant. All values were given as mean ‫ע‬ SE. All statistical analyses were made using the GraphPad Prism 4.0 program.
